Hewitt's paradigm for effects of Pleistocene glaciations on European populations assumes their isolation in peninsular refugia during glacial maxima, followed by re-colonization of broader Europe during interstadials. This paradigm is well supported by studies of poorly dispersing taxa, but highly dispersive birds have not been included. To test this paradigm, we use the dunnock (Prunella modularis), a Western Palaearctic endemic whose range includes all major European refugia. MtDNA gene tree, multilocus species tree and species delimitation analyses indicate the presence of three distinct lineages: one in the Iberian refugium, one in the Caucasus refugium, and one comprising the Italian and Balkan refugia and broader Europe. Our gene flow analysis suggests isolation of both the Iberian and Caucasus lineages but extensive exchange between Italy, the Balkans and broader Europe. Demographic stability could not be rejected for any refugial population, except the very recent expansion in the Caucasus. By contrast, northern European populations may have experienced two expansion periods. Iberia and Caucasus had much smaller historical populations than other populations. Although our results support the paradigm, in general, they also suggest that in highly dispersive taxa, isolation of neighbouring refugia was incomplete, resulting in large super-refugial populations.
Introduction
The Western Palaearctic was greatly affected by Pleistocene glaciations. In a series of seminal papers, Hewitt [1] [2] [3] [4] and Taberlet et al. [5] summarized the impact of Pleistocene glaciations in delimiting the current distribution of genetic lineages, for the majority of organisms inhabiting Europe. According to their widely accepted view, during glacial advances, a large part of Europe was covered by an ice sheet, which was preceded by a wide belt of tundra and permafrost. Collectively, the ice sheet, tundra and permafrost rendered most of the continent uninhabitable for temperate and boreal taxa. Those taxa retreated to the Mediterranean peninsular refugia of Iberia, the Apennine Peninsula (Italy hereafter), the Balkan Peninsula or the area south of the Greater Caucasus. Each of these refugia was also isolated from the rest of the European mainland by east-west-running mountain ranges (Pyrenees, Alps, Dinaric Alps and Balkan Mountains, and the Caucasus, respectively), each with their own ice caps.
Subsequently, dramatic demographic declines via range reduction coupled with geographical isolation during each glacial period facilitated genetic divergence of populations surviving in different refugia. During interstadials, refugial populations provided colonists for broader Europe. Although the patterns and speed of post-glacial expansion differed among species due to their dispersal abilities, ecology or local environmental conditions, the height of the mountain ranges separating refugia from the rest of the continent appear to have influenced the success of post-glacial colonization from those refugia. The Balkan Mountains and Dinaric Alps are the lowest among the ranges isolating peninsular refugia, with the Pyrenees being higher than either of these ranges, but lower than the Alps. Accordingly, the Balkan Peninsula appears to have served as a colonization source most frequently, followed by Iberia, whereas Italy provided very few northern colonists [1] . The role of the tallest European mountain range, the Greater Caucasus, could not be assessed at the time, due to the lack of data, but recent work has suggested that Caucasus region houses unique lineages in a number of avian species and thus could also have served as a Pleistocene refugium [6] .
Paradigm species which Hewitt [1 -4] and Taberlet et al. [5] used in their reviews included mammals, trees, amphibians and insects characterized by poor dispersal abilities, except perhaps the brown bear (Ursus arctos), whose dispersal abilities are moderate. However, highly dispersive organisms like birds were conspicuously omitted from these reviews. Although birds still had to retreat into the peninsular refugia during glacial advances, the degree of the isolation among refugial populations is unclear since the distances separating refugial ranges is unlikely to exceed their flight endurance limits. Indeed, some European migrants regularly cross the Mediterranean Sea, and some species have colonized Atlantic islands such as the Azores and Canary Islands [7] [8] [9] .
Several avian phylogeographic studies that sampled populations from both refugial and re-colonized areas of Europe have been published recently [10 -14] . While some of these studies support the refugial paradigm in documenting genetic differentiation in refugia followed by northward recolonization, none included samples from all peninsular refugia and the Caucasus, and most used species that do not exhibit migratory behaviour.
Here, we test the European refugial paradigm by assessing the possible role of glacial refugia in driving divergence in the dunnock (Prunella modularis), one of a handful of avian species endemic to the Western Palaearctic, that is best known for its highly variable mating strategies [14] . Importantly, the dunnock has a distribution that includes sedentary populations in each peninsular refugium (Iberia, Italy, Balkan) and the Caucasus [15] . Northern European populations are shortdistance migrants to southern Europe, and each refugial area has an expanded presence of dunnocks in winter [15] . Using a multilocus dataset, we performed phylogeographic and species tree analyses to determine whether a signature indicative of isolation in Pleistocene refugia followed by post-glacial expansion is evident in the biogeographical history of the species. In addition, we used our data to assess (i) gene flow patterns among populations residing in potential refugia and breeding in northern Europe, (ii) effective population sizes of identified lineages through time, and (iii) the possibility that identified lineages are better recognized as species, using Bayesian species delimitation methodology.
Material and methods (a) Sampling and molecular protocols
We obtained a total of 121 tissue or blood samples of the dunnock from the four potential glacial refugia, and various localities in northern Europe and the Urals that were likely to have been colonized after the Last Glacial Maximum (figure 1; electronic supplementary material, table S1). Two additional mitochondrial DNA (mtDNA) ND2 sequences were downloaded from GenBank (UK: accession number AF407038; Sweden: GU816839). We included samples of three black-throated (Prunella atrogularis) and six Radde's (Prunella ocularis) accentors as outgroups [16] . With the exception of a few individuals from the non-migratory Iberian population and a few potential migrants sampled in northeastern Europe, our samples represented breeding adults or local fledglings, with the latter collected at different localities or dates to avoid sampling family members (electronic supplementary material, table S1).
Total genomic DNA was extracted from ethanol-preserved tissue or blood samples using the JETQUICK Tissue DNA Spin Kit (Genomed, Loö hne, Germany) according to the manufacturer's instructions. We sequenced the complete mtDNA ND2 gene (1041 base pairs (bp)) for 122 individuals. For 114 individuals, we sequenced a z-specific intron 9 of the aconitase 1 gene (ACO1I9), and for a subset of 56 birds, we sequenced 9 autosomal introns linked to different chromosomes (electronic supplementary material, table S2).
We sequenced PCR fragments in both directions on an ABI 3730 Genetic Analyzer (Applied Biosystems Inc., Foster City, CA) at the Macrogen Europe facility and aligned resulting sequences automatically in SEQUENCHER 5.4.1 (Gene Codes Corporation, Ann Arbor, MI). We manually verified alignments to ensure consistent placement of indels and to check for stop codons in mtDNA ND2 sequences. Alleles of heterogametic individuals that differed in length were resolved manually as described previously [16] [17] [18] [19] [20] [21] [22] . Equal-length alleles of heterogametic individuals with multiple substitutions were resolved in PHASE 2.1.1 [23, 24] with two independent runs. The first 500 interactions were discarded as burn-in and the following 5000 iterations used a thinning interval of 10. We used hemi-and homozygous alleles and alleles that differed by a single substitution as known in our PHASE runs.
We conducted the McDonald -Kreitman test [25] implemented in: http://mkt.uab.es [26] and the HKA test [27] implemented in HKA software (https://bio.cst.temple.edu/ hey/software#hka-div) to test neutrality of the mtDNA ND2 gene and multilocus dataset, respectively. In both tests, we used three pairs of dunnock clades: Iberia versus Europe þ Italy þ Balkans, Iberia versus Caucasus and Europe þ Italy þ Balkans versus Caucasus. None of these tests was significant suggesting neutral evolution of included loci.
(b) mtDNA gene tree and multilocus species tree analyses
We used the standard template in BEAST 2.4.8 [28] to reconstruct an ND2 gene tree, and the StarBeast template to reconstruct rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181606 multi-locus species trees (site models, clock models and tree models unlinked) and to estimate divergence times among taxa. In tree reconstructions, we used the mean rate of sequence evolution and associated 95% HPD interval reported for mtDNA ND2 (2.9 Â 10 -2 substitutions/site/Ma; 95% HPD interval 2.4 -
) of Hawaiian honeycreepers [29] . In the species tree reconstructions, we allowed evolutionary rates for nuclear loci to be estimated relative to that of the mtDNA ND2 gene (electronic supplementary material, table S2).
We used the Bayesian information criterion (BIC) implemented in JMODELTEST 2.1.7 [30] to select substitution models (electronic supplementary material, table S2) for our BEAST analyses. Initially, we ran BEAST for each locus with a strict and relaxed lognormal clock priors and conducted a maximum-likelihood ratio test [31] to determine whether tree likelihoods differed significantly. We found no significant differences, and therefore we used the strict molecular clock prior in reported BEAST analyses.
Three separate MCMC analyses with Yule speciation prior were run for 10 8 generations with a 10 4 generations burn-in and parameters sampled every 10 4 steps for mtDNA ND2 gene and 10 9 generations with a 10 5 generations burn-in and parameters sampled every 10 5 steps for multilocus species tree. We combined independent runs in LOGCOMBINER 2.4.8 [32] . Tree topologies were assessed using TREEANNOTATOR 2.4.8 [32] and visualized in FIGTREE 1.4.3 (http://tree.bio.ed.ac.uk/software/ figtree/).
(c) Molecular species delimitation
We used BPP 3.1 [33, 34] to estimate the joint probability of the species tree and speciation probability across lineages. A speciation probability of 1.0 on a node indicates that all species delimitation models visited by the algorithm support the hypothesis that the lineages descending from that node represent distinct taxa. We included only nuclear genes to avoid the possibility that mtDNA would overwhelm signal from the nuclear genes and assumed no variation in gene rates. A gamma prior is used on the population size parameters (u) and the age of the root in the species tree (t 0 ), with other divergence time parameters being parameterized with a Dirichlet prior. We assumed a small population size (e.g. refugial) and shallow divergences. We included five P. modularis geographical groups (Europe, Balkans, Italy, Iberia and Caucasus; see results) and P. atrogularis as an outgroup. We ran the analysis for 5 Â 10 5 generations, with a burn-in period of 1 Â 10 5 , with sampling frequency set to 5.
(d) Gene flow and effective population size analyses
We estimated gene flow among geographical areas in MIGRATE 3.6.11 [35] . We conducted three independent runs with gene flow allowed only between adjacent areas. In the initial run, we employed default settings for the population (u) and migration (M) parameters. In the following two runs, we used estimates of u and M from the previous run as starting values. We used Bayesian inference, random seeds, varying mutation rates estimated from data, four replicates of a single long Markov chain with 10 4 recorded steps and 10 3 steps sampling increment. The number of sampled parameter values was 4 Â 10 7 and 10 4 trees were discarded per chain (burn-in). We used the static heating scheme of 5 chains with temperatures 1 000 000.00, 3.00, 1.50, 1.00 and swapping interval of 2.
We constructed extended Bayesian skyline plots (EBSP) [36] in BEAST 2.4.8 for each geographical area to determine their population dynamics through time. We used a strict molecular clock with the evolutionary models and rates described above, and the coalescent extended Bayesian skyline prior. We ran 10 9 generations with 10 5 burn-in and recorded parameters every 10 5 steps with 10 initialization attempts. Population scale factors were set to 2 for autosomal loci, to 1.5 for ACO1I9 and to 0.5 for mtDNA ND2. We set the upper limit for the clock rate priors to 1, and set the hyper-prior on the mean of the population size distribution ( populationMean.alltrees) to normally distributed with the mean of 1 and standard deviation of 0. 
Results
(a) mtDNA gene tree and multilocus species trees analyses recovered the same three major clades, with the Caucasus sister to the other two (PP ¼ 1). However, in contrast to the mtDNA tree, the sister relationship of Iberia and the widespread clade was strongly supported in both species trees (PP ¼ 1). Within the widespread clade, Italy and the Balkans were recovered as sisters relative to northern Europe, however, this relationship was not statistically significant in either species tree (10 introns PP ¼ 0.50; 10 introns þ ND2 PP ¼ 0.91), suggesting poor geographical structuring among these three areas. Both multilocus divergence date estimates were more recent than those of the mtDNA ND2 gene tree. The divergence between Iberia and the widespread clade was estimated at 0.067 Ma (0.041-0.098 Ma) with 10 nuclear introns but increased to 0.090 Ma (0.046-0.148) when mtDNA ND2 was added to the dataset. The divergence of the Caucasus from the common ancestor of the other two clades was estimated at 0.188 Ma (0.108-0.268) without ND2 and at 0.286 Ma (0.168-0.419) with mtDNA ND2 included. Both multilocus species trees indicated that the age of divergence of the Caucasus from the common ancestor of the other two clades was similar to the black-throated and Radde's accentor divergence at 0.197 Ma (0.093-0.301) without ND2 and 0.312 Ma (0.152-0.492) with ND2 ( figure 3 ).
(b) Multispecies coalescent structure delimitation
The molecular species delimitation method BPP indicated that the dunnock is not a single lineage. Instead, BPP indicated the presence of three dunnock lineages, each strongly supported (PP ¼ 1.0). The first lineage comprises individuals from Iberia, the second comprises individuals from the Caucasus and a third comprises all individuals from northern Europe, Italy and the Balkans. Although species delimitation methods can return false-positive results for several reasons to include incorrect assignment of taxa to lineage and incorrect guide trees, our BPP results are completely consistent with our gene and species tree analyses (figures 2 and 3).
(c) Gene flow among geographical areas and their population history
All migration parameter estimates for Iberia and Caucasus included 0 as the lower 95% confidence interval (figure 4) suggesting that the absence of gene flow between them and adjacent areas could not be rejected. The modes of migration parameters for these two areas regardless of the direction varied from 50 to 63.3. By contrast, modes of migration parameters among Italy, the Balkans and northern Europe varied from 163 to 9597, and in three cases (Italy to the Balkans, Italy to northern Europe and Balkans to northern Europe) the lower 95% confidence interval was substantially greater than 0 (5747, 593 and 1013, respectively; figure 4), suggesting extensive gene flow among these areas. However, gene flow appeared strongly asymmetric as in all three cases the gene flow parameters in opposing directions were much lower (1397 versus 9597, 450 versus 2443 and 163 versus 2637) and the lower 95% CI ¼ 0 (figure 4). In other words, gene flow from Italy to both the Balkans and northern Europe, and from the Balkans to northern Europe, is higher than in the opposite directions. Extended Bayesian skyline plots for individual geographical areas provided little temporal resolution. A stable low population size is indicated for the Iberian dunnocks over the last 10 ka, with no indication of population change through time (figure 4). A very recent (less than 1 kyr ago) rapid population growth is indicated for Caucasus dunnocks that had the lowest population of all sampled geographical areas prior to the recent growth ( figure 5) . Notably, the median number of population changes for Caucasian dunnocks was 1 and a stable population through time was rejected. The closely related and connected by gene flow populations of Italy, northern Europe and especially the Balkans had much larger historic population sizes. The rate and duration of the population increase appear to be inversely related with the historic population size. The Balkans had the largest population size and experienced a very slight, steady increase over the last 10 kyr. Northern Europe had an intermediate population size and its growth was faster than that of the Balkans overall, with rapid acceleration from approximately 3 kyr ago. Italy had a lower historic population size than Northern Europe and a stable population size until approximately 1.5 kyr ago when it started a rapid growth ( figure 5 ). Although the median number of population changes for Italy and the Balkans was 1, a stable population could not be rejected because 0 was included into 95% central posterior density (CPD) interval. By contrast, the median number of population changes for northern Europe was 2 and a stable population was rejected.
Discussion
This study is the first of which we are aware that directly assesses Hewitt's refugial paradigm by explicitly sampling rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181606 all four of the major European Pleistocene refugia (Iberia, Italy, Balkans and Caucasus). In using the Western Palaearctic breeding dunnock as our focal species, we were able to eliminate potentially confounding factors from populations outside the region of interest, which may have played a refugial or colonization role. All of our analyses-mtDNA gene tree, multilocus species tree, BPP species delimitation and MIGRATE gene flow estimates-agree with each other and clearly show three distinct, evolutionary independent dunnock groups. Further, all these analyses suggest that temperate and boreal Europe was colonized from the Balkans and Italy, which could have represented a single refugium. All trees recovered Iberia as sister to the widespread clade, although only the species trees produced statistical support for this. Divergence estimates from the mtDNA ND2 gene tree are older as compared to the estimates derived from the species trees (figures 2 and 3). This result is not unexpected, but we feel that mtDNA may be more appropriate for lineage dating due to faster lineage sorting and lower introgression [17, 18] . Furthermore, it has been argued that mtDNA dates better correspond to the palaeontological record [18] . While the palaeontological record for the dunnock is largely Late Pleistocene, there are two Middle Pleistocene records (one each from France and Italy) [37] . Therefore, the divergence estimates based solely on the mtDNA ND2 gene tree (figure 2) suggesting that the Caucasus lineage diverged from other dunnock lineages at 0.471 Ma, and that the Iberian versus widespread European lineage diverged at 0.408 Ma, are more consistent with Middle Pleistocene fossils than are the nuclear gene driven divergences dated to the Latest Pleistocene. Notably, the divergences among the three dunnock lineages are temporally similar to the divergence between the two outgroup taxa, which are not sisters ( figure 2) [16] . One of these outgroup taxa (Prunella ocularis) is a near-endemic to the Caucasus [15] , suggesting a shared geographical and temporal origin with the Caucasus dunnock lineage, just four ice ages ago. The dunnock is therefore a young species, and is, in fact, younger than suggested by our previous work on Prunella systematics, which lacked the detailed sampling we present here [16] . However, by comparison with other closely related lineages like the yellow and citrine wagtails (Motacilla species) complexes wherein lineages diverged extremely recently [17] , the dunnock is not exceptionally young.
In assessing the role of refugia in the recolonization of post-glacial central and northern Europe, Hewitt [1, 2] concluded that the Balkans were the most important refugial centre for that recolonization, given that the mountains there (Balkan Mountains and Dinaric Alps) are the lowest of the ranges separating refugia from broader Europe. The Pyrenees acted as barrier to northern recolonization from Iberia in some cases, but not in others. The Alps however seemed a more impermeable barrier for most lineages assessed, such that the Italian refugium provided few northern colonists [2] . Only in the case of the brown bear (Ursus arctos) were there data to suggest that the Caucasus refugium played a role in re-colonizing broader Europe [2] .
Our results suggest that the Balkans were indeed important for re-colonizing broader Europe. Rapidly changing environmental conditions during glacial retreat would have allowed for rapid northward expansion by refugial populations. Therefore, it is especially interesting that northern Europe experienced two episodes of population growth (figure 5), which may indicate either colonization from two refugia (Italy and Balkans) or that northern Europe experienced separate waves of colonization (i.e. first from the Balkans to eastern Europe and later from Italy to western Europe). In this regard, because the Balkans and Italy are very similar genetically and have high levels of gene flow (figure 4), it may be that dunnock populations in those areas were part of a single refugial population; note that a rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181606 connection between these areas around the low-lying areas of Adriatic Sea would circumvent the need for crossing the Alps.
In a study of tawny owls (Strix aluco), Brito [10] recovered a similar pattern to the dunnock, where the Balkans were most important in re-colonization, followed by Italy. While just a few tawny owl individuals carrying Iberian haplotypes were recovered outside the region (i.e. southern France; see also green woodpecker (Picus viridis) [11]), individuals carrying either Balkan or Italian haplotypes were able to cross the Pyrenees into Iberia [10] . Our results for the dunnock indicate that Iberia, as well as the Caucasus, played no role in recolonizing broader Europe for the dunnock, and that the populations in both of these refugia are effectively isolated from the Balkans, Italy and broader Europe with respect to gene flow.
Furthermore, Iberia and the Caucasus had the lowest historical population sizes. This suggests that not only are these refugia are isolated, but also their small refugial population size would give colonizations from the Balkans and Italy an 'advantage'. Additionally, stable populations could not be rejected for all refugial populations, except the Caucasus, whereas for northern Europe it was rejected. The age of the demographic expansion in the Caucasus, however, is only a few hundred years old. This may indicate that the refugium was further south (e.g. in Iraq or Iran) with the Caucasus having been colonized very recently.
Conclusion
The results of our study are consistent with part of Hewitt's [1, 2] paradigm, where the Balkans serve as a major source area for the recolonization of northern Europe by dunnocks, but are inconsistent with the paradigm in that Italy played a prominent role in that recolonization as well; Italian and Balkan dunnocks seem not to have been isolated from one another. The latter suggests that dispersal abilities may make isolation of neighbouring refugia less likely than for species with low dispersal abilities. Under the paradigm, Iberia plays a role in some lineages, but not others; for the dunnock there appears to be no role in recolonization. The Caucasus, for which few data existed at the time, also played no role in the recolonization of broader Europe by the dunnock.
All of our analyses suggest that the dunnock comprises three evolutionary and demographically independent lineages. These findings pose an interesting question about the evolution of the unusual mating system in this species,
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Italy Balkans Caucasus N. Europe Figure 4 . Results of the MIGRATE analysis. The area of the circles is proportional to the estimates of the population size parameter (u) and arrow thickness is proportional to migration parameter (M). Dashed lines represent M-values too small to be shown proportionally. Shades represent mode (white), lower 2.5% of the confidence interval (black) and upper 2.5% (grey). Size of the circles is proportional of the confidence interval (grey). Numbers next to circles and arrows represent parameter estimates-the mode and 95% confidence interval in the parentheses. where breeding associations include monogamy, polygyny, polyandry and polygynandry [14] . To our knowledge, this system has been studied in only one of these three lineages, and then only in a single geographical area (England) that has been colonized since the Last Glacial Maximum. Determining whether this is an ancestral system or a recently derived one in a newly colonized area will greatly improve our understanding of its evolution. Our results provide a framework for a comparative study of mating systems within the dunnock complex by identifying source populations of British colonists and two closely related refugial populations.
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